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Outline of Talk

• Brief Introduction to Radiative Transfer in the
Atmosphere-Ocean System

• Brief Review of the SeaWiFS Algorithm

• Description of the New Algorithm

• Algorithm Evaluation

• Summary and Conclusions
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Physical Overview of the Transfer of Solar Radiation in
the Atmosphere - Ocean System

Light propagation in the atmosphere-ocean system depends on:

• Atmospheric optical properties including:

=> Absorption by molecules (H2O, O3, CO2, and others)
=> Scattering by atmospheric molecules (Rayleigh scattering)
=> Scattering and absorption by aerosols

• Oceanic optical properties including:

=> Absorption by pure water
=> Scattering by density fluctuations (Rayleigh scattering)
=> Absorption by yellow substance or colored dissolved organic matter (CDOM)
=> Scattering and absorption by suspended particles
=> Scattering and absorption by air bubbles in the water column

Light propagation also depends on:

• Fresnel reflection and transmission through the atmosphere-ocean interface

• Scattering by surface roughness (foam, white caps)

In addition:

• sources of light due to fluorescence and Raman scattering may (depending on wavelength)
contribute to the light field in the ocean.
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Figure 1: Illustration of Light Propagation In the Atmosphere-Ocean System
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Radiative Transfer Modeling

We consider a vertically stratified medium for which the transfer of diffuse radiation is described
by the equation (I(τ, u, φ) = radiance; u = cos θ; θ = polar angle; φ = azimuthal angle):

u
dI(τ, u, φ)

dτ
= I(τ, u, φ) − S(τ, u, φ), (1)

S(τ, u, φ) =
a(τ)

4π

∫ 2π

0
dφ′

∫ 1

−1
du′p(τ, u′, φ′, u, φ)I(τ, u′, φ′) + S∗(τ, u, φ). (2)

For the coupled atmosphere-ocean system, the change in the refractive index across the interface
must be accounted for. From elementary optics we know that:

• The refraction across the interface is described by Snell’s law

• The reflection and transmission are described by Fresnel’s equations

• The downward radiation distributed over 2π steradians in the atmosphere will be restricted
to an angular cone less then 2π after being refracted into the ocean (see Figure below).

Sun

τ = 0

τ = τa

τ = τ

µ0FS

II

I I

µ0

µ0n

Top

Atmosphere

Ocean

Figure 2: Schematic illustration of two adjacent media with a flat interface: the atmosphere overlying a calm ocean.
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Definitions:

dτ = [α(z) + σ(z)] dz optical depth (3)

α(z) = absorption coefficient [m−1] (4)

σ(z) = scattering coefficient [m−1] (5)

a(z) =
σ(z)

α(z) + σ(z)
single scattering albedo (6)

α(z) ≡ ∑
i

αi(z) =
∑
i

ni αi
n ; σ(z) ≡ ∑

i

σi(z) =
∑
i

ni σi
n (7)

αi
n = absorption cross section [m2] (8)

σi
n = scattering cross section [m2] (9)

ni = concentration of i th species [m−3] (10)

Phase function (normalized angular scattering cross section):

p(τ, cos Θ) = p(τ, u′, φ′; u, φ) =

∑
i σi(τ, cosΘ)∑

i
∫
4π d cosΘ σi(τ, cosΘ)/4π

=

∑
i σi(τ, cosΘ)∑

i σi(τ)
=

σ(τ, cosΘ)

σ(τ)
(11)

Θ = scattering angle (12)

(θ′, φ′) = polar and azimuthal angles prior to scattering (13)

(θ, φ) = polar and azimuthal angles after scattering (14)

These angles are related through the cosine law of spherical geometry:

cos Θ = cos θ′ cosθ + sin θ′ sin θ cos(φ′ − φ). (15)

6



Factoring out Azimuthal Dependence - 1
• Expand phase function in Legendre polynomials:

p(τ, cos Θ) =
2M−1∑
l=0

(2l + 1)χl(τ) Pl(cos Θ) (16)

where Pl(cos Θ) is the Legendre polynomial and the expansion coefficients are given by:

χl(τ) =
1

2

∫ 1

−1
d cos Θ p(τ, cos Θ) Pl(cos Θ) (17)

• Addition Theorem for Spherical Harmonics:

Pl(cosΘ) = Pl(u
′)Pl(u

′) + 2
l∑

m=1
Λl

m(u′)Λm
l (u) cos m(φ′ − φ) (18)

Λm
l (u) =


(l − m)!

(l + m)!




1/2

Pm
l (u) (19)

• The phase function now becomes:

p(τ, cos Θ) = p(u′, φ′; u, φ) =
2M−1∑
m=0

(2 − δ0m) pm(u′, u) cosm(φ′ − φ)

where

pm(u′, u) =
2M−1∑
l=m

(2l + 1) χl Λ(u′) Λ(u).
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Factoring out Azimuthal Dependence - 2

• Now expand radiance as:

I(τ, u, φ) =
2N−1∑
m=0

Im(τ, u) cos m(φ0 − φ) (20)

• This leads to an equation for each Fourier component:

u
dIm(τ, u)

dτ
= Im(τ, u) − a(τ)

2

∫ 1

−1
pm(τ, u

′
, u)Im(τ

′
, u)du

′ − Xm
0 (τ, u)e−τ/µ0 (21)

where

Xm
0 (τ, u) =

a(τ)

2
F0(2 − δ0m)pm(τ, µ0, u). (22)
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Discrete-Ordinate-Approximation
Because azimuthal components in Eq. (20) are uncoupled, we may focus on azimuthally-averaged
radiance obtained by setting m = 0. We obtain a pair of coupled Integro-differential equations:

µ
dI+(τ, µ)

dτ
= I+(τ, µ) − a

2

∫ 1

0
dµ

′
p(µ

′
, µ)I+(τ, µ

′
) − a

2

∫ 1

0
dµ

′
p(−µ

′
, µ)I−(τ, µ

′
) − X+

0 e−τ/µ0 (23)

−µ
dI−(τ, µ)

dτ
= I−(τ, µ) − a

2

∫ 1

0
dµ

′
p(µ

′
,−µ)I+(τ, µ

′
) − a

2

∫ 1

0
dµ

′
p(−µ

′
,−µ)I−(τ, µ

′
) − X−

0 e−τ/µ0 (24)

where (µ = |u|)

p(µ′, µ) =
2N−1∑
l=0

(2l + 1)χlPl(µ
′)Pl(µ); X±

0 ≡ X0(±µ) =
a

4π
F0p(−µ0,±µ)

Discrete-ordinate approximation:

• Replace integrals in equations above by quadrature sums, thereby transforming:

• pair of coupled integro-differential equations into a system of coupled differential equations:

µi
dI+(τ, µi)

dτ
= I+(τ, µi) −

a

2

N∑
j=1

wjp(µj, µi)I
+(τ, µj) −

a

2

N∑
j=1

wjp(−µj, µi)I
−(τ, µj) − X+

0i e−τ/µ0 (25)

−µi
dI−(τ, µi)

dτ
= I−(τ, µi) −

a

2

N∑
j=1

wjp(µj,−µi)I
+(τ, µj) −

a

2

N∑
j=1

wjp(−µj,−µi)I
−(τ, µj) − X−

0i e−τ/µ0.(26)
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Comparison of DISORT Results with Monte Carlo Simulations
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Figure 3: Comparison of DISORT and Monte Carlo Results for the Coupled Atmopshere Ocean System. The Monte
Carlo Computations are due to K. I. Gjerstad, University of Bergen (Gjerstad, 2001).
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Figure 4: SeaWIFS image of Sharan Dust Blowing off African Coast.
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Figure 5: SeaWIFS image of Sharan Dust over the Carribean.
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Review of the SeaWiFS Algorithm – (1)

The current SeaWiFS ocean color algorithm includes two distinct
steps:

• First, “atmospheric correction” is performed to obtain the water-
leaving radiance.

• Second, the oceanic chlorophyll concentration is retrieved from
this water-leaving radiance.

In the visible more than 90% of the radiance measured by the
satellite sensor typically comes from the atmosphere. This makes
atmospheric correction important because:

• a small uncertainty in the atmospheric correction may lead to a
big error in the inferred chlorophyll concentration;

• optical properties vary considerably in space and time.
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Review of the SeaWiFS Algorithm – (2)

Assuming that the effects of sun glitter and white caps have been
removed, we may express the satellite-measured reflectance as:

ρtot(λ) = ρpath(λ) + t(λ)ρw(λ), (27)

where

t(λ) = diffuse transmittance,
ρw(λ) = water-leaving reflectance, and
ρpath(λ) = contribution from the atmosphere:

ρpath(λ) = ρray(λ) + ρaero(λ) + ρra(λ). (28)

The three terms are due to multiple scattering:

ρray(λ) => by air molecules alone;
ρaero(λ) => by suspended atmospheric particles alone;
ρra(λ) => by simultaneous presence of molecules and aerosols.
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Review of the SeaWiFS Algorithm – (3)

In the single scattering approximation ρra = 0, and ρaero(λ) ≈ ρas(λ).
Thus, Eq. (28) may be rewritten as:

ρas(λ) = ρss
path(λ) − ρray(λ) (29)

where ρss
path(λ) is the single scattering approximation to ρpath(λ).

However, the aerosol contribution to the reflectance ρas(λ) may be
determined (Gordon, 1996; 1997) from:

ρas(λ) = ωa(λ)τa(λ)pa(θ, φ, θ0, φ0; λ)/4 cos θ cos θ0. (30)

Here:

• ωa is the aerosol single scattering albedo,

• pa takes into account the single scattering by aerosol particles as
well as the Fresnel reflection by the underlying ocean.

• For a given aerosol model, ωa and pa are known: τ865 is estimated
from a pre-computed lookup table of ρas.

15



Review of the SeaWiFS Algorithm – (4)

The SeaWiFS algorithm employs the parameter:

εss(λ, 865) = ρas(λ)/ρas(865) (31)

and

εss(765, 865) = ρas(765)/ρas(865)

is used to select

• the two aerosol models among 12 candidate models that have
ε-values closest to the correct value. BUT

• the parameter εss(765, 865) cannot be obtained directly from the
satellite-observed radiances.

In order to generalize this approach to include multiple scattering
effects, Gordon and Wang (1994) introduced a correction factor:

ρpath(λ) − ρray(λ) = ρaero(λ) + ρra(λ) ≡ K[λ, ρas(λ)]ρas(λ). (32)
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Review of the SeaWiFS Algorithm – (5)

The following procedure is used to determine εss(765, 865) and then
the aerosol model:

• Start by computing the average εave
ss for the 12 candidate aerosol

models assuming that the Kj-value for each model is correct, i.e.:

εave
ss (765, 865) =

1

N

N=12∑
j=1

εss
j(765, 865) (33)

with

εss
j(765, 865) =

ρas
j(765)

ρas
j(865)

=
Kj[865, ρas(865)]

Kj[765, ρas(765)]

[ρaero(765) + ρra(765)

ρaero(865) + ρra(865)

]
(34)

where the superscript j denotes the candidate aerosol model, and

• ρaero(765) + ρra(765) and ρaero(865) + ρra(865) are computed from the
satellite-observed radiance using ρmea

path(λ)−ρray(λ) [see Eq. (28)] with
λ = 765 and 865 nm, respectively.

17



Review of the SeaWiFS Algorithm – (6)

Then:

• discard the two models with the largest positive values of εave
ss - εj

ss

as well as the two models with the largest negative values, and
proceed to compute a new average of εave.

Repeat procedure until one εave
ss -value and only two models remain:

• one with εave
ss - εj

ss > 0 and one with εave
ss - εj

ss < 0.

To derive εss(λ, 865) and ρa(λ) + ρra(λ) at visible wavelengths from
εave
ss (765, 865) it is assumed that:

(i) εss(λ, 865) falls between the same two aerosol models as εave
ss (765, 865),

(ii) K[λ, ρas(λ)] falls between the two values for these models in the
same proportion as εave

ss (765, 865).

18



Review of the SeaWiFS Algorithm – (7)

After values εss(λ, 865) at visible wavelengths are obtained:

ρas(λ) = εss(λ, 865)ρas(865) (35)

and, ρa(λ) + ρra(λ) at visible wavelengths is computed from:

ρa(λ) + ρra(λ) = K[λ, ρas(λ)]ρas(λ). (36)

• Lookup tables are created for K[λ, ρas(λ)] for each of the 12 can-
didate aerosol models for several values of θ0 and θv.

• For a specific set of (θ0, θv) a least squares fit is obtained as follows:

loge

{
K[λ, ρas(λ)]ρas(λ)

}
= loge a1(λ) + a2(λ) loge[ρas(λ)] + a3(λ) log2

e[ρas(λ)].

• The azimuth-dependence of the coefficients ai is expanded in a
Fourier series in θv using 14 terms.
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Review of the SeaWiFS Algorithm – (8)

Finally, by subtracting ρpath(λ) from the measured reflectance ρtot(λ)
[Eq. (27)] and dividing by tv(λ), the atmospheric diffuse transmit-
tance along the path towards the satellite, one obtains:

• the normalized water-leaving reflectance at visible wavelengths,
[ρw(λ)]N , defined as:

[ρw(λ)]N = ρw(λ)/t0(λ) = [ρtot(λ) − ρpath(λ)]/[t0(λ)tv(λ)], (37)

where t0(λ) is the diffuse transmittance along the solar beam path.

• Pre-computed atmospheric transmittances tv(λ) and t0(λ) are used
to obtain the normalized water-leaving reflectance [ρw(λ)]N .

Note that in the SeaWiFS algorithm:

• all computations are done using a two-layer atmosphere: molecules
only in the upper layer; aerosols only in the lower layer.

20



Review of the SeaWiFS Algorithm – (8)

Then:

• the chlorophyll concentration is estimated from a two-band ra-
tio R12(λ) = [ρw(λ)]N/[ρw(555)]N according to an empirical relation
derived by statistical regression (O’Reilly, 1998):

Ratio = Max[R12(443), R12(490), R12(510)]; (38)

log R = log10(Ratio)

C = 100.366−3.067 log R+1.930 log R2+0.649 log R3−1.532 log R4
.

The coefficients in this empirical formula were derived from field-
measured reflectance data compiled in the SeaBAM database.
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Review of the SeaWiFS Algorithm – (9)

In summary, the SeaWiFS algorithm works as follows:

1. It employs the single scattering approximation (SSA) with a mul-
tiple scattering correction using a two-layer atmosphere.

2. It employs the near-infrared black-pixel approximation.

3. It retrieves “aerosol model” and τ865 from the SSA.

4. It employs the retrieved “aerosol model” and τ865 to infer the
atmospheric contribution to the TOA radiance in the visible.

5. It subtracts this atmospheric contribution from the measured ra-
diance to obtain TOA water-leaving radiance in the visible.

6. It employs two approximate atmospheric transmittances to ob-
tain surface normalized water-leaving radiance in the visible.

7. It employs normalized water-leaving radiance (assumed to be
isotropic) to infer chlorophyll concentrations from regressions.
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Review of the SeaWiFS Algorithm – (10)

The SeaWiFS algorithm contains many assumptions leading to
uncertainties that are difficult if not impossible to quantify:

1. Use of a two-layer model and SSA to infer aerosol optical depth.

2. Use of an approximate multiple scattering correction.

3. Use of the black-pixel approximation. An attempt to remedy
this problem (Siegel et al., 2000) is based on an approximate
reflectance model.

4. Use of the assumption that the water-leaving radiance is isotropic
over the upward hemisphere.

5. Use of the assumption that the atmospheric and oceanic radiative
transfer problems are decoupled.

6. Use of two approximate transmittances to infer the normalized
water-leaving radiance (at the surface) from the TOA water-
leaving radiance.
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New Algorithm – (1)

Goal:

• Remove unnecessary assumptions invoked in the SeaWiFS algo-
rithm that lead to uncertainties that are difficult to quantify.

In addition to the assumptions listed above Gordon (1997) states:

• the expansion of the azimuth-dependence of the radiance in a
Fourier series in θv using 14 terms yields about the same accuracy
as an interpolation with a division in θv of 5◦ or 10◦. However:

• our experience is that such interpolation in azimuth yields insuf-
ficient accuracy. We use a more accurate approach.

To remove these uncertainties our algorithm is based on DISORT:

• a rigorous discrete-ordinates solution of the radiative transfer
equation pertinent for the coupled atmosphere-ocean system.

24



New Algorithm – (2)

DISORT (Stamnes et al., 1988; Thomas and Stamnes, 1999) was
extended by Jin and Stamnes (1994) to apply to:

• the coupled atmosphere-ocean (CAO) system and further ex-
tended by Yan and Stamnes (2002) to yield the radiance at arbi-
trary polar angles. The resulting:

• CAO-DISORT code yields accurate radiances (reflectances) at
any polar and azimuth angles (the satellite viewing angles), and
at any desired level in the atmosphere-ocean system.

In short the CAO-DISORT method works as follows:

1. The atmosphere-ocean system is treated as two adjacent slabs
separated by an interface across which the index of refraction
changes from mr ≈ 1 in the air to mr ≈ 1.33 in the water.

2. Each of the two slabs is divided into a sufficient number of layers
to adequately resolve the variation of the inherent optical prop-
erties with altitude in the air and depth in the ocean.
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New Algorithm – (3)

3. The interface between the atmosphere and the ocean is treated as
a flat surface (assuming that effects of sun glitter and white caps
have been removed), the reflection and transmission through the
interface are computed by Fresnel’s equations, and the bending
of the rays across the interface follows Snell’s law.

4. The radiative transfer equation is solved separately for each layer
in the atmosphere and ocean using the discrete-ordinate method.

5. The solution is completed by applying boundary conditions at
the top of the atmosphere and bottom of the ocean as well as
appropriate radiance (I(τ, u, φ)) continuity conditions (I/m2

r is a
conserved quantity) at the layer interfaces in the atmosphere and
ocean, and at the air-ocean interface (where Fresnel’s equations
apply).
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New Algorithm – (4)

As a part of the solution procedure, the radiance is expanded in
a Fourier cosine series:

I(τ, µv, µ0, ∆φ) =
2M−1∑
m=0

Im(τ, µv, µ0) cos m∆φ, (39)

where
µv = cos θv is the cosine of the polar (viewing) angle θv,

µ0 = cos θ0 is the cosine of the solar zenith angle θ0,

∆φ = φ0 − φv is the relative azimuth angle between the incident
solar beam azimuth φ0 and the sensor viewing azimuth φv,

I(τ, µv, µ0, ∆φ) is the radiance, and

Im(τ, µv, µ0) is the mth Fourier component of the radiance.

Each Fourier component satisfies a radiative transfer equation
whose solution yields Im(τ, µv, µ0), and substitution in Eq. (39) yields
I(τ, µv, µ0, ∆φ).

27



New Algorithm – (5)

We store the Fourier components Im(τ = 0, µv, µ0) in a lookup table

• and use cubic spline interpolation to compute them for the angles
corresponding to a specific sun-satellite geometry. Then

• I(τ = 0, µv, µ0, ∆φ) is computed from Eq. (39), which yields an
accurate analytic treatment of the φ-dependence of the radiance.

In our lookup tables we store:

• 19 azimuthal components, and each of them is pre-computed at
11 polar (viewing) angles, θvi, and 14 solar zenith angles, θ0i.

This provides a grid structure that we use to interpolate:

• reflectances to a specific pair of polar viewing angle θv and solar
zenith angle θ0 required by the sun-satellite geometry, which:

• yields a TOA reflectance precision better than 1% compared to
direct computations with the CAO-DISORT model.
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New Algorithm – (6)

Our atmospheric correction differs from the SeaWiFS approach in
two major ways. In our algorithm:

1. the aerosol optical properties are computed in a more realistic
manner (Yan et al., 2002);

2. our retrieval of aerosol information, and extrapolation from the
NIR to the visible is more accurate because it is based on:

• accurate and self-consistent treatment of the multiple scatter-
ing process;

• accurate computation of the Fourier components of the radi-
ance, Im(τ = 0, µvi, µ0i), stored in the look-up tables;

• accurate interpolation to obtain the Fourier components of the
radiance, Im(τ = 0, µv, µ0), at the actual sun-satellite geometry;

• accurate, analytic treatment of the azimuth-dependence of the
radiance: I(τ, µv, µ0, ∆φ) = ∑2M−1

m=0 Im(τ, µv, µ0) cos m∆φ.
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New Algorithm – (7)

The aerosol optical properties may be computed in two different
ways:

1. SeaWiFS relies on a single-component (SC) approach:

• combine aerosol species with different chemical compositions
and hygroscopicities into an effective “pseudoparticle” by com-
puting an average refractive index of the mixture.

• This “pseudoparticle” is then allowed to grow and change its
refractive index with increasing humidity, and Mie theory is
applied to compute its optical properties.

1. We adopt a more realistic multi-component (MC) approach:

• aerosol components with different compositions and hygroscop-
icities are treated separately; each component is allowed:

• to grow and change its refractive index independently with in-
creasing humidity. Optical properties of each component: from
Mie theory; mixture: use concentration-weighted average.
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New Algorithm – (8)

Yan et al. (2002), comparing results computed by the MC ap-
proach with those computed by the SC approach, found that:

• when the relative RH > 90%, difference between SC and MC
approaches: ∆ρTOA > ρw, the water-leaving radiance. BUT if we:

• restrict ourselves to low RH: aerosol properties computed by SC
approach (SeaWiFS algorithm) will not be significantly different
from those computed by MC approach (our algorithm).

Therefore, to compare and explore possible differences between
our new methodology and the SeaWiFS methodology, due to causes
other than use of different aerosol IOPs, we may select:

• the Maritime and Tropospheric aerosol models both at relative
humidity RH = 50% (M-50 and T-50) as suitable candidates for
exploring the retrieval capabilities (aerosol properties and chloro-
phyll concentrations) of both SeaWiFS and our algorithm.
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New Algorithm – (9)

Our atmospheric correction algorithm employs two parameters to
select an aerosol model from a suite of candidate models and to
retrieve the corresponding aerosol optical depth:

εms(λ, 865) = [ρpath(λ) − ρray(λ)]/[ρpath(865) − ρray(865)]. (40)

and

γdiff(λ, 865) = γ(λ) − γ(865) (41)

where γ(λ) = ρpath(λ)/ρray(λ).

We use εms(765, 865) to retrieve the aerosol model and γdiff(765, 865)
to retrieve the aerosol optical depth τ865, because:

• εms(765, 865) is very sensitive to the aerosol model but insensitive
to the aerosol optical depth as illustrated in Fig. 6.

• γ(λ) is insensitive to the vertical distribution of the aerosols, even
for strongly absorbing aerosols (Antoine and Morel, 1999).
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New Algorithm – (10)

As shown in Fig. 6:

• all the non-absorbing or weakly absorbing aerosols yield almost
identical γdiff-values, whereas the absorbing (urban) aerosols lead
to a distinctly different behavior. Thus:

• γdiff is potentially useful for distinguishing absorbing aerosols
from non-absorbing or weakly absorbing ones.

Note that in our new algorithm the parameters:

• ρtot, ρpath, and ρray in Eqs. (1) and (2) are computed accurately by
the CAO-DISORT code, and that tρw is obtained by subtraction:

tρw = ρtot − ρpath.
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New Algorithm – (11)

Figure 6: Simulated values of γdiff (765, 865) and εms(765, 865) as a function of aerosol optical depth τ865 for several aerosol
models including maritime, tropospheric, coastal, urban, and oceanic at RH = 50%. The various aerosol models in
the left panel are labeled in the same way as indicated in the right panel.
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New Algorithm – (12)

In the aerosol retrieval process, we start by using:

• γdiff(765, 865) to retrieve the aerosol optical depth τ865 for each of
the candidate aerosol models. We then use:

• εms(765, 865) to pick the most appropriate aerosol model from 20
candidate aerosol models, representing different aerosol types.

• For each aerosol model, pre-computed TOA reflectances ρpath and
ρtot are stored in look-up tables for rapid access by the algorithm.

• We store reflectances for τ865 = 0., 0.02, 0.05, 0.08, 0.1, 0.15, 0.2,
0.3; use interpolation to obtain radiances at arbitrary τ865-values,
and ρpath(λ) − ρray(λ) = εms(λ, 865)[ρpath(865) − ρray(865)] (Eq. (40))

• to extrapolate the aerosol contribution to the TOA radiance from
the NIR to the visible spectral range.
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New Algorithm – (13)

Chlorophyll Concentration Retrieval:

We use the CAO-DISORT code to compute the TOA radiance
assuming that the inherent optical properties (IOPs) of the ocean
can be described by a single homogeneous layer of Case I waters.
The IOP model consists of:

1. the absorption coefficient aw(λ) for pure seawater measured by
Pope and Fry (1997);

2. the scattering coefficient for pure seawater bw(λ) tabulated by
Smith and Baker (1981);

3. the absorption coefficient ac(λ) for chlorophyll pigments parame-
terized in terms of the chlorophyll concentration by the method
of Morel and Maritorena (2001);

4. the volume scattering function for particles measured by Petzold
(1972);

5. the scattering coefficient bc(λ) parameterized in terms of the chloro-
phyll concentration (Li and Stamnes, 2001).
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New Algorithm – (14)

Figure 7: Comparisons between Rrs values computed from a radiative transfer model for the coupled atmosphere-ocean
system and Rrs values from the SeaBAM data base for similar chlorophyll concentrations. Solid lines and dashed
lines are the computed Rrs values based on the “old” Morel bio-optical model and the “new” modified Morel model,
respectively. The stars represent the measured Rrs values provided in the SeaBAM data base.
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New Algorithm – (15)

Li and Stamnes (2001) found that:

• the above IOP model with bc(λ) = 0.35C0.50(550/λ) provided a good
overall match between remote sensing reflectances computed with
CAO-DISORT and determined from the SeaBAM database.

This bio-optical IOP model is used in CAO-DISORT:

• to compute the reflectance ρcomp
path accurately by taking the coupling

between the atmosphere and the ocean into account.

Precision of radiances retrieved from lookup tables is very high:

• the path radiance retrieved from them ρretr
path will be very accurate,

that is ρretr
path ≈ ρcomp

path . The TOA water-leaving reflectance tρw is
obtained by subtracting ρretr

path from the measured reflectance ρmeas
tot :

tρw = ρmeas
tot − ρretr

path, and we use the ratio:

Rw = t(λ1)ρw(λ1)/t(λ2)ρw(λ2) to retrieve chlorophyll concentration,
where λ1 = 490 nm and λ2 = 555 nm (see Fig. 8).
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New Algorithm – (16)

Figure 8: Plot of Rw = t(490)ρw(490) / t(555)ρw(555) versus chlorophyll concentration for the Maritime aerosol model
(RH=50%) with an aerosol optical depth of τ = 0.1.
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New Algorithm – (17)

In summary, the main differences between the two algorithms for
chlorophyll concentration retrieval are:

1. Our approach relies on the use of a bio-optical IOP model in
conjunction with a comprehensive radiative transfer model. An
empirical approach is used in the SeaWiFS algorithm, although
a bio-ptical model is employed to relax the NIR black-pixel as-
sumption in the atmospheric correction process.

2. We use TOA water-leaving reflectances to retrieve the chlorophyll
concentration, whereas the SeaWiFS algorithm relies on the use
of surface normalized water-leaving reflectances.

3. The SeaWiFS algorithm relies on an empirical formula for re-
trieval of chlorophyll concentrations based on the assumption that
the water-leaving radiance is isotropic. Our algorithm employs
the TOA water-leaving reflectance, which is self-consistently, and
accurately retrieved from the lookup tables for the actual sun-
satellite geometry.
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New Algorithm – (18)

Using CAO-DISORT combined with the IOP model, we developed
an iterative method for:

• simultaneous retrieval of the chlorophyll concentration C and the
aerosol optical properties.

• The implementation steps of this algorithm are as follows:

Step 1: Pick an initial chlorophyll concentration C0. Use εms(555, 865)
and γdiff(555, 865) to retrieve an aerosol model and the corresponding
τ865. Then go to Step 2. Note: we use the channels at 555 nm (instead of 765 nm) and 865 nm to

pick the initial aerosol model and corresponding τ865 because the radiance at 555 nm is relatively insensitive to the

initial chlorophyll concentration.

Step 1’: Use the retrieved chlorophyll concentration C, and εms(765, 865)
and γdiff(765, 865) to retrieve an aerosol model and the corresponding
τ865. Go to Step 2.
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New Algorithm – (19)

Step 2: Use the retrieved aerosol model and τ865 to extrapolate
ρpath(λ) from the NIR to the visible, and to determine tρw(λ) =
ρmeas

tot (λ) − ρextrap
path (λ) at λ = 490 and 555 nm.

Step 3: Estimate the chlorophyll concentration C from
t(490)ρw(490)/t(555)ρw(555).

Step 4: Repeat steps 1’-3 with retrieved C, until a converged
set of aerosol optical properties and chlorophyll concentration C is
obtained.

Typically, 2–3 iterations are sufficient to retrieve a converged set
of aerosol optical properties and chlorophyll concentration.
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New Algorithm – (20)
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Figure 9: Flow chart of the algorithm for simultaneous retrieval of aerosol optical properties and chlorophyll concen-
tration.
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Evaluation – (1): Testbed

In order to evaluate our new algorithm we designed:

• a numerical testbed aimed at testing its ability to achieve simul-
taneous retrieval of atmospheric aerosol properties and oceanic
chlorophyll concentration. Using CAO-DISORT:

• we constructed a series of “synthetic” TOA radiances for many
combinations of aerosol properties (“model” and τ865) and C.

We then applied the retrieval algorithm to this synthetic data set
to answer the question:

• how well can we retrieve the aerosol “model” and τ865 as well as
the chlorophyll concentration C from the synthetic radiances?

By comparing the retrieved results with the input data used to
create the synthetic (“measured”) radiances, we can judge:

• the retrieval capability of both the SeaWiFS and our algorithm
on the same synthetic data set, and compare their relative merits.
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Evaluation – (2): Aerosol retrieval

We consider two test cases by simulating “measured” radiances:

1. We used the M-50 aerosol model with
τ865 = 0.02, 0.05, 0.08, 0.1, 0.15, 0.2, 0.3, and
C = 0.05, 0.1, 0.5, 1.5, 3.0, 5.0, 10.0, 20.0 mg·m−3.

2. We used the same values of τ865 and C, but we picked the T-50
instead of the M-50 aerosol model.

Sun-satellite geometry chosen for the simulated testbed data set:

• was a solar zenith angle of θ0 = 34.50, a viewing zenith angle of
θ = 51.250, and a relative azimuth angle of ∆φ = 1200.

Due to different treatments of ozone and oxygen A-band correc-
tions in the two algorithms, we decided to ignore the effects of:

• ozone and oxygen A-band absorption in both the simulated testbed
data and the retrieval algorithms: Focus is on: retrieval of aerosol
“model” and τ865 and C.
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Evaluation – (3): Aerosol retrieval

Figure 10: Retrieved aerosol optical depth at 865 nm compared to the input value. The top panels pertain to the M-50
aerosol model, and the bottom ones to the T-50 aerosol model. Left panels: SeaWiFS algorithm. Right panels: New
algorithm.
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Evaluation – (4): Chlorophyll retrieval

Figure 11: Retrieved chlorophyll concentration compared to the input value. The top panels pertain to the M-50
aerosol model, and the bottom ones to the T-50 aerosol model. Left panels: SeaWiFS algorithm. Right panels: New
algorithm.
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Evaluation – (5): Discussion

Figure 11 shows that:

• our new algorithm yields very accurate chlorophyll concentra-
tions, wheras the SeaWiFS algorithm yields poor results, espe-
cially for large concentrations.

Note that:

• when τ865 becomes sufficiently large the SeaWiFS algorithm may
overestimate the aerosol contribution to the radiance in the visi-
ble to the extent that ρw becomes negative: retrieval of C fails.

There are two reasons for the poor chlorophyll concentrations re-
trieved with the SeaWiFS algorithm:

1. 90% or more of ρmeas
tot comes from atmosphere => ρw so small

that: tiny error in τ retr
865 => significant error in ρTOA

path (λvis) =>
unacceptably large error in Cretr.

2. there are differences in the chlorophyll concentration retrieval
approach between the two algorithms.

48



Evaluation – (6): Retrieved TOA reflectance, ρpath

Figure 12: Retrieved atmospheric contribution to the TOA reflectance, ρpath, compared to the input value at 490, 555,
765, and 865 nm for the M-50 aerosol model. Left panels: SeaWiFS algorithm. Right panels: New algorithm.
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Evaluation – (7): Retrieved TOA water-leaving
reflectance, tρw

Figure 13: Retrieved contribution of the water-leaving radiance to the TOA reflectance, tρw, compared to the input
value at 490 and 555 nm for the M-50 aerosol model. Left panels: SeaWiFS algorithm. Right panels: New algorithm.
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Evaluation – (8): Match-up data

Figure 14: Rrs(490)/Rrs(555) as a function of chlorophyll concentration for the 4 match-up cases discussed in the text.
The solid line represents the computed values, while the diamonds represent the field-measured values.
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Summary and Conclusions – (1)

Based on a complete IOP model and an accurate radiative transfer
code for the coupled atmosphere-ocean system (CAO-DISORT), we
have developed:

• an iterative algorithm for simultaneous retrieval of aerosol optical
properties and chlorophyll concentrations.

To test the performance of the algorithm we created a set of syn-
thetic testbed data by using the forward model to:

• simulate the TOA radiances for a specific sun-satellite geometry
and for several combinations of aerosol optical properties and
oceanic chlorophyll concentrations.

We used this synthetic data set to demonstrate that our algorithm:

• provides self-consistent and accurate retrievals of aerosol optical
properties and chlorophyll concentrations.

52



Summary and Conclusions – (2)

We expect our new algorithm to perform better than the SeaWiFS
algorithm in situations with high relative humidity, because:

• our multi-component approach to the light interaction with aerosols
is more realistic than the single-component approach adopted in
the SeaWiFS algorithm.

Because our approach is based on accurate simulations of the ra-
diative transfer process including multiple scattering, and accounts
for the coupling between the atmosphere and the ocean:

• many of the assumptions invoked in the current SeaWiFS algo-
rithm are avoided. Hence, it is expected to be useful for:

• addressing retrieval problems associated with absorbing aerosols
as well as Case II waters (Frette et al., 1998, 2001).

• It lends itself readily to the inclusion of more complete IOP mod-
els, such as that presented by Stramski et al. (2001).
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